Mammalian Ether-a-go-go related gene (Erg) family voltage-gated K + channels possess an unusual gating phenotype that specializes them for a role in delayed repolarization. Mammalian Erg currents rectify during depolarization due to rapid, voltage-dependent inactivation, but rebound during repolarization due to a combination of rapid recovery from inactivation and slow deactivation. This is exemplified by the mammalian Erg1 channel, which is responsible for I Kr , a current that repolarizes cardiac action potential plateaus. The Drosophila Erg channel does not inactivate and closes rapidly upon repolarization. The dramatically different properties observed in mammalian and Drosophila Erg homologs bring into question the evolutionary origins of distinct Erg K + channel functions. Erg channels are highly conserved in eumetazoans and first evolved in a common ancestor of the placozoans, cnidarians, and bilaterians. To address the ancestral function of Erg channels, we identified and characterized Erg channel paralogs in the sea anemone Nematostella vectensis. N. vectensis Erg1 (NvErg1) is highly conserved with respect to bilaterian homologs and shares the I Kr -like gating phenotype with mammalian Erg channels. Thus, the I Kr phenotype predates the divergence of cnidarians and bilaterians. NvErg4 and Caenorhabditis elegans Erg (unc-103) share the divergent Drosophila Erg gating phenotype. Phylogenetic and sequence analysis surprisingly indicates that this alternate gating phenotype arose independently in protosomes and cnidarians. Conversion from an ancestral I Kr -like gating phenotype to a Drosophila Erg-like phenotype correlates with loss of the cytoplasmic Ether-a-go-go domain. This domain is required for slow deactivation in mammalian Erg1 channels, and thus its loss may partially explain the change in gating phenotype.
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sei | CNBHD | Anopheles | PAS V oltage-gated ion channel families are highly conserved across the Eumetazoa (cnidarians and bilaterians) (1, 2) . Vertebrates recently expanded the number of ion channel genes within each of the conserved families because of vertebratespecific gene duplications. Additionally, phylogenetically restricted duplications of ion channel genes appear common throughout the Eumetazoa (1, (3) (4) (5) . Thus, there is little 1:1 gene orthology between the eumetazoan phyla (1) . However, numerous studies show extremely high functional conservation, including family-specific gating properties. For example, Shaker-related voltage-gated K + channels first cloned in Drosophila show a high fidelity of gating phenotype to their mammalian counterparts (6) . Subsequent studies have shown this functional conservation extends to cnidarians (4, 7-10), which separated from bilaterians near the base of the eumetazoan tree over 500 Mya (11) . One exception to this pattern of high conservation is the Ether-a-go-go related gene (Erg) family (or Kv11) of voltage-gated K + channels. The three mammalian Erg orthologs show striking gating differences compared with Drosophila Erg (seizure, DmErg).
The mammalian Erg gating phenotype is typified by human Erg1 (HsErg1), which underlies I Kr , a K + current that repolarizes the late plateau phase of ventricular action potentials (12, 13) . HsErg1 loss-of-function mutations prolong the QT interval in ECG recordings, indicating impaired action potential repolarization (14) . Several key gating features adapt Erg1 for ventricular action potential plateau repolarization. First, Erg1 channels inactivate rapidly in response to depolarization (Fig. 1 A-C) . Second, recovery from inactivation through the open state is extremely rapid (Fig. 1B) , whereas channel deactivation is slow (Fig. 1D) ; the combination produces a jump in Erg1 current in response to repolarization (15) . The net effect is that peak Erg1 current flow is delayed and specifically accelerates cardiac action potential plateau repolarization (15) , and the length of the plateau is dependent on Erg1 current density (16) . The physiological role of mammalian Erg2 and Erg3 channels has not been extensively characterized, but they share an I Kr -like gating phenotype (17) .
In contrast, DmErg does not inactivate during depolarization ( Fig. 1 A and B) and deactivates rapidly upon repolarization ( Fig. 1D) (18) . The voltage-activation curve (GV) of DmErg is shifted to hyperpolarized potentials, suggesting influence on subthreshold excitability (Fig. 1E) . Modeled HsErg1 and DmErg responses to a crude plateau action potential waveform ( Fig. 1F and Fig. S1 ) point to distinct physiological roles. HsErg1 current is attenuated during the plateau by inactivation and rebounds sharply as the plateau decays. These features allow HsErg1 to accelerate late repolarization without blocking the plateau itself (15) . Peak DmErg current flows during the plateau, and the current decays rapidly during repolarization. DmErg would therefore directly combat plateau formation. Loss of HsErg1 inactivation in humans indeed leads to a shortened QT interval based on premature action potential repolarization (16) . The Significance Ether-a-go-go related gene (Erg) family K + channels regulate excitability of muscle and neurons. However, mammalian and Drosophila Erg channels have distinctive gating phenotypes, suggesting divergent physiological roles. We examined the origins of Erg channel gating properties by investigating the functional evolution of the Erg family in Eumetazoa. We find that the mammalian I Kr -like Erg channel phenotype is ancestral. Thus, the gating features that specialize Erg1 for cardiac action potential repolarization may have had their origins in the slow wave contractions of early metazoans. These gating features, inactivation and slow deactivation, have been lost in the Drosophila Erg, Caenorhabditis elegans Erg, and some sea anemone (Nematostella) Ergs. Loss of the Ether-a-go-go domain, which regulates channel closing, accompanies and may in part explain phenotypic conversion.
specific contribution of DmErg to firing patterns in native cells is unknown, but its gating features are consistent with regulation of subthreshold excitability or rapid action potential repolarization. Temperature-sensitive mutations in the seizure locus that encodes DmErg cause bursts of uncoordinated motor output (19) suggestive of changes in subthreshold excitability. The Caenorhabditis elegans Erg ortholog (CeErg, encoded by unc-103) has not been functionally expressed, but genetic analysis demonstrates that it regulates the excitation threshold of vulva muscles in females and protractor muscles in males (20) (21) (22) (23) .
The Erg, Ether-a-go-go (Eag), and Elk gene families comprise the EAG superfamily of voltage-gated K + channels. These gene families are highly conserved in eumetazoan genomes, and Eag channels display a high functional conservation in the bilaterians. Given the distinct gating phenotypes of the Erg genes in Drosophila and mammals, we decided to explore the functional evolution of the Erg gene family to determine the origins of the distinct I Kr -like and DmErg gating phenotypes in the Erg gene family. We functionally characterized CeErg and Erg paralogs from the starlet sea anemone Nematostella vectensis. We examined CeErg to determine whether the DmErg gating phenotype was present in multiple protostome invertebrate phyla. We reasoned that comparison of bilaterian and Nematostella Erg channels would provide insight into ancestral Erg gating phenotypes present before the cnidarian/bilaterian divergence. Functional and phylogenetic analysis presented here supports an I Kr -like phenotype as the ancestral gating pattern. An alternate DmErg-like gating phenotype has emerged independently at least twice during metazoan evolution (once in cnidarians and at least once in protostomes) and correlates with loss of the cytoplasmic eag gating domain.
Results

Our first expression of CeErg in
Xenopus oocytes failed to produce K + currents. We reasoned that absence of functional expression could be due to impaired trafficking of channels to the plasma membrane. DmErg channels require coexpression with the cytosolic protein down and out (DAO) for plasma membrane trafficking (18) . DAO is unique to Drosophila, but it contains a tetratricopeptide repeat (TPR domain), which is a widespread protein interaction motif (18) . A TPR-containing protein has also been implicated in HsErg1 trafficking (24) . Coexpression of CeErg with DAO in Xenopus oocytes remarkably rescued functional expression of CeErg, despite the absence of a DAO ortholog in nematodes (Fig. 1) . This result suggests a conservation of TPR-dependent trafficking but not of specific trafficking proteins. CeErg shares a nearly identical gating phenotype as DmErg: currents showed no inactivation ( Fig. 2A) , a hyperpolarized voltage-activation range (Fig. 2B ), and rapid deactivation (Fig. 2C) . Thus, the DmErg phenotype is found in at least two ecdysozoan protostome invertebrate phyla, Arthropoda and Nematoda. However, this analysis does not resolve the evolutionary origin of the mammalian or Drosophila-like Erg phenotype.
We examined Erg channel function in the cnidarian N. vectensis to determine ancestral Erg phenotypes. Cnidarians represent an out-group to the bilaterian lineage, and the cnidarian-bilaterian ancestor branched before the protostome-deuterostome ancestor. Thus, identifying the functional characteristics of Nematostella (1) rectification of HsErg1 during depolarization by inactivation, (2) rebound in HsErg1 current in response to repolarization due to rapid recovery and slow deactivation, and (3) rapid DmErg deactivation. (B) Comparison of HsErg1 (black) and DmErg (red) currents during a protocol in which channels were first activated by a 1 s step to +60 mV, returned to -100 mV for 10 ms, and then returned to +60 mV. Currents are normalized in peak amplitude for comparison. HsErg1 is inactivated at the end of the first depolarization, recovers to the open state at −100 mV, and inactivates rapidly from a high peak during the second pulse. DmErg1 remains active throughout the first +60 mV pulse, closes at -100 mV, and reactivates during the second +60 mV pulse. (C ) Peak HsErg1 current during an initial depolarization (* in B) normalized to peak current after recovery from inactivation (# in B): inactivation reduces the HsErg1 current >20-fold during the first step. Data show mean ± SEM, n = 6 cells. (D) Time constant of deactivation (Tau DEACT ) measured from tail currents recorded at the indicated voltages for HsErg1 (black) and DmErg (red). Data show mean ± SEM, n = 6-7 cells. (E) Normalized GV curves for HsErg1 and DmErg fit with a single Boltzmann distribution (parameters in Table 1 ). Data are from isochronal tail currents measured at -70 mV after 1 s steps to the indicated voltages; data are averaged from 6-7 cells, and bars show SEM. (F) Simulated HsErg1 and DmErg currents elicited in response to a crude broad action potential wave form. Gating models and simulation methods are included in SI Methods. Scale bar indicates that time and current amplitudes have been normalized. Table 1 ).
(C) The CeErg deactivation measured from tail currents at the indicated voltages is fast like DmErg (mean ± SEM, n = 6).
Erg ion channels allows us to infer ancestral Erg gating phenotypes. We identified five ERG channel paralogs (N. vectensis Erg1-5, NvErg1-5) by sequence homology in the Nematostella genome. NvErg1, the most highly conserved paralogs relative to bilaterian Ergs, displayed an I Kr -like gating phenotype when expressed in Xenopus oocytes. The properties of NvErg1, mouse Erg3 (MmErg3), and HsErg1 are compared in Fig. 3 . Deactivation time constants for NvErg1 measured from tail currents were similar to MmErg3 and slower than HsErg1 (Fig. 3B) . We measured inactivation time constants for the Erg currents using a double pulse protocol as shown in Fig. 1B . Currents were activated by a 1 s depolarization to +60 mV, briefly returned to -100 mV to relieve inactivation, and given a second depolarizing step to observe the inactivation time course. This protocol allows quantitation of inactivation with only minimal contamination from activation (25) . Inactivation time constants for NvErg1 were similar to HsErg1 and faster than MmErg3 (Fig. 3D) . NvErg1 activated at more hyperpolarized voltages than either MmErg3 or HsErg1 (Fig. 3B and Table 1 ). In this respect, it was similar to DmErg and CeErg. We measured the activation rate of the Erg currents with a tail envelope protocol (25) , in which the extent of activation is inferred from the size of tail currents recorded after +40 mV pulses of increasing length (Fig. 3E) . The activation rates of HsErg1, NvErg1, and MmErg3 at +40 mV were virtually identical. NvErg1 expression results indicate that I Kr -like Erg channel gating was present in the common ancestor of cnidarians and bilaterians. We also expressed NvErg4, a Nematostella Erg paralog that has diverged further from bilaterian Ergs. In contrast to NvErg1, NvErg4 gating phenotype matched DmErg and CeErg (Fig. 4) . NvErg4 does not inactivate, and deactivation was too rapid to measure accurately at hyperpolarized potentials using twoelectrode clamp. The NvErg4 GV curve showed some activation at hyperpolarized voltages as seen for DmErg, CeErg, and NvErg1, but it had a lower slope ( Table 1 ). The V 50 value was therefore close to that of MmErg3 and HsErg1 (Table 1) . NvErg4 did not require DAO for functional expression, indicating that a DmErg-like gating phenotype does not require DAO. Furthermore, DAO did not alter the I Kr -like gating phenotypes of NvErg1 and MmErg3 (Fig. S2) . We did not obtain full-length clones of NvErg2, -3, or -5 and therefore were not able to examine their functional properties. However, it is clear from these results that both I Kr -like and DmErg-like activity was present in the cnidarians. This suggested that the cnidarianbilaterian ancestor had both types of Erg channels or that DmErg, CeErg, and NvErg4 independently evolved distinct functions.
We turned to sequence comparison and phylogenetic analysis to resolve these two hypotheses. The subunit structure of typical EAG superfamily channels consists of a transmembrane voltage-gated K + channel core sandwiched between two intracellular gating domains: an N-terminal eag domain containing a Per-Arndt-Sim (PAS) protein interaction domain (26, 27) , and a cyclic nucleotide-binding homology domain (CNBHD) in the C terminus (26, 28) . Structural analysis of Eag1 has revealed that the eag domain, which is required for slow deactivation in hsErg1 and mmErg1 (27, 29) , docks on the CNBHD (26) . An eag domain has not been identified in DmErg and CeErg (19) , suggesting that loss of eag domain function might explain fast deactivation in the DmErg-like gating phenotype. We found no evidence for an eag domain in nematode Ergs or NvErg2-5 in the verified or predicted coding sequence or genome sequence. However, DmErg possesses a domain resembling the eag domain, but with reduced sequence homology (Fig. 5A and Fig. S3) . Surprisingly, two other arthropod species, Anopheles gambiae (mosquito) and Daphnia pulex, possess Erg orthologs with highly conserved eag domains (Figs. S3 and S4) . We cloned A. gambiae Table 1 ). (E) Comparison of activation time course at +40 mV for NvErg1, MmErg3, and HsErg1. Data were measured from peak tail currents elicited at -120 mV after +40 mV steps increasing in length by 10 ms increments. Data are normalized for comparison and inverted for display (mean ± SEM, n = 5-6). Amino acid and coding DNA sequences for NvErg1 can be found in Datasets S1 and S2, respectively. Erg (AgErg), but were unable to functionally express the channel even when coexpressed with DAO, so the gating phenotype of eag-containing protostome Erg orthologs is currently unknown. The cloned AgErg, protein, and DNA sequences are provided in Datasets S1 and S2, respectively. Secondary structure analysis predicts a consistent pattern of alpha helices and beta sheets in eag domains. This pattern is selectively disrupted in the DmErg eag domain, suggesting that the domain has degenerated (Fig.  5A ). We reasoned that functional loss of the eag domain would reduce selection pressure on CNBHD residues proposed to form a docking site for the eag domain (26) . To test this hypothesis, we aligned the CNBHD of various EAG superfamily channels with Eag1 to examine the relative conservation of predicted interface residues and noninterface residues (Figs. S5 and S6). In mammals, interface residues were significantly more conserved between the Erg, Elk, and Eag families (Fig. 5B) . Both interface and noninterface residues are highly conserved in Daphnia and Anopheles (Fig. 5C ), two protostome species with conserved eag domains, and the CNBHD of AgErg appears structurally conserved (30) . However, CNBHD interface residues in nematode Ergs (no eag domain) and DmErg (degenerate eag domain) are significantly less conserved than noninterface residues (Fig. 5C ). These results support the hypothesis that eag domain presence has a positive influence on the conservation of CNBHD interface residues, and that the eag domain of DmErg is vestigial. Comparisons of trichoplax (Placozoa) and Nematostella Erg to mammalian Erg sequences show a similar pattern. Conservation of the entire CNBHD is higher for NvErg1 and trichoplax Ergs (which have an eag domain) than for NvErg2-5 (no eag domain). Overall conservation is reduced between Nematostella and mammals due to early evolutionary divergence. Fast deactivation therefore appears exclusively in Erg channels that lack the eag domain: DmErg, CeErg, and NvErg4. We next used the transmembrane K + channel core domain shared by all EAG superfamily members to build a channel protein phylogeny of metazoan Erg channels using Bayesian inference, and overlaid it with a map of eag domain presence or absence (Fig. 6) . The presence of two Erg paralogs in the placozoan Trichoplax adhaerens, which diverged before the cnidarianbilaterian split (31, 32) , indicates that the Erg family predates eumetazoans. The eag-less channels DmErg, CeErg, and NvErg2-5 form three separated groups, suggesting independent loss of the eag domain in each lineage. The vestigial eag domain homology in DmErg supports a comparatively recent loss in this species. It most likely occurred between the time of divergence of Drosophila from Anopheles 200-300 Mya (33) (35, 36) . We found no Erg orthologs with eag domains in comprehensive sequence searches of these 12 Drosophila species. Eag domain loss in nematodes occurred before the divergence of C. elegans and Caenorhabditis briggsae ∼100 Mya (37) . Although eag domain loss occurred separately in Drosophila and C. elegans, we cannot currently determine whether the I Kr phenotype was also lost separately in each lineage because we were unable to express AgErg. The NvErg2-5 group in the phylogeny and NvErg3-5 are clustered on a single genomic contig. Thus, physical and phylogenetic linkage of the eag-less NvErg channels points to a single loss of the eag domain and I Kr phenotype in Nematostella.
Discussion
Taken together, our data suggest that the ancestral Erg channel possessed the I Kr -like properties of mammalian Erg homologs. NvErg4 data were measured from isochronal tail currents recorded at either -50 mV or -70 mV following 1 s depolarizations to the indicated voltages (mean ± SEM, n =11). Single Boltzmann fit (curves) parameters are given in Table 1 . NvErg4 sequence information can be found in Datasets S1 and S2. Comparisons are shown for six mouse and human Elk channels (n = 36) or four mouse and human Eag channels (n = 24). Interface residues were significantly more highly conserved than noninterface residues (unpaired twotailed t test; & indicates P ≤ 0.0001). (C) Comparisons between the group of six mammalian ergs and (Left) protostome Ergs from D. pulex and Anopheles (Dp/Ag) (n = 12), (Center) C. elegans and C. briggsae (Ce/Cb) Ergs (n = 12), and (Right) Drosophila (Dm) (n = 6). In nematodes and Drosophila, predicted CNBHD interface residues were significantly less conserved than noninterface residues (*P < 0.0001) or interface residues in Anopheles and Daphnia (**P < 0.0001). (D) Comparisons between mammalian Erg channels and NvErg1 (n = 6) or NvErg2-5 (n = 24). Both interface and noninterface residues show significantly reduced conservation in NvErg2-5 (#, P < 0.0001). (E) Comparisons for Trichoplax Erg channels, which have an eag domain, show higher sequence conservation of the CNBHD than NvErg2-5 (P < 0.0001).
lost the eag domain. Deletion of the eag domain in Erg1 eliminates slow deactivation, but it does not eliminate inactivation (27, 29) , so eag domain loss alone does not fully explain phenotypic conversion. Inactivation in both Erg1 and the related mammalian EAG family channel Elk2 is dependent on pore sequence (25, 38, 39) . However, residues that support inactivation in these channels are also present in CeErg and NvErg4, and their presence is therefore not predictive of inactivation phenotype. We speculate that loss of the eag domain may reduce selective pressure to keep inactivation, as slow deactivation and inactivation work in concert to facilitate a rebound in current upon repolarization. Loss of the I Kr -like gating in Erg raises the question of how plateau potentials are repolarized in flies and nematodes. In C. elegans, pharyngeal muscle action potentials have plateaus that look remarkably like cardiac action potentials (40) . Plateau termination in the pharyngeal action potential depends on a Shab (Kv2)-related channel Exp-2 that has acquired an I Kr -like phenotype (40, 41) . Thus, the ancestral Erg channel role has been assumed at least in part by a nematode-specific expansion in a K + channel family that typically encodes delayed rectifiers (6) . No Drosophila voltage-gated K + channel has an I Kr -like phenotype, so the change in DmErg is either uncompensated or dependent on a distinct molecular mechanism such as gating modification by auxiliary subunits. For example, fast inactivation is native to Drosophila and Nematostella Shaker channels (4, 42) , but provided by a cytoplasmic β-subunit in mammalian Shaker channels (43) . The physiological role of Erg channels in Nematostella has not yet been explored, but slow wave contractions of the body (Movie S1) suggest a role for plateau potentials in behavior.
Erg channels, including those with I Kr -like phenotypes, may also play a significant role in regulating subthreshold excitability. Genetic analyses of both DmErg (seizure) and CeErg (unc-103) demonstrate that loss-of-function leads to neuromuscular hyperexcitability (19) (20) (21) , which has been postulated to arise from a change in excitation threshold (20) . The hyperpolarized activation thresholds we present here for DmErg and CeErg show the channels are indeed active at subthreshold voltages and therefore capable of altering excitation threshold. NvErg1 has both an I Kr -like phenotype and a hyperpolarized activation threshold, suggesting it could play roles in both plateau repolarization and subthreshold excitation, whereas NvErg4 may specifically regulate subthreshold behavior. The mammalian channel Elk2, like NvErg1, has an I Kr -like phenotype and low activation threshold that regulates subthreshold excitability in hippocampal pyramidal neurons (44) . MmErg3 also has a relatively low activation threshold and is expressed primarily in neurons. The role of inactivation in neuronal EAG superfamily channels is not yet clear, but it may serve to bias channel activity to the subthreshold range or to the after-hyperpolarization phase of action potentials.
Methods
Cloning. HsErg1, MmErg3, DmErg, and CeErg sequences were cloned based on sequences available at the National Center for Biotechnology Information in REFSEQ. NvErg channels were identified with TBLASTN (45) searches of the Nematostella genome. Coding regions were assembled from a combination of existing gene predictions and homology-based manual adjustment. NvErg1, NvErg4, and AgErg were cloned by RT-PCR from adult animals and sequence verified.
Electrophysiology. Recordings were obtained from Xenopus oocytes injected with in vitro transcribed cRNAs using a two-electrode voltage clamp in a low chloride bath solution consisting of (in mM) 98 Na + , 2 K Fig. 6 . Bayesian inference phylogeny of Erg channels shows separate losses of the eag domain. Scale bar indicates number of substitutions per site, and posterior probabilities are given at branch points. All unlabeled branches had posterior probabilities equal to 1. The Erg, Elk, and Eag gene families are shaded and labeled, and branch colors indicate mammals (green), protostomes (blue), cnidarians (red), and placozoans (purple). Mammalian Eag and Elk channels were included as out-groups in the analysis. Circles on branches indicate the presence (cyan) or absence (red) of the eag domain. Erg channels without the eag domain are isolated on three distinct branches, indicating separate losses of the domain. Species prefixes in alphabetical order are Ag (A. gambiae, mosquito), Cb (C. briggsae, nematode), Ce (C. elegans, nematode), Dm (Drosophila melanogaster, fruit fly), Dp (D. pulex, crustacean), Hs (Homo sapiens, human), Mm (Mus musculus, mouse), Nv (N. vectensis, sea anemone), and Ta (T. adhaerens, placozoan). Phylogeny reconstruction was limited to the core transmembrane K + channel motif; sequences used in phylogeny construction are given in Dataset S3.
